Hormonal stimulation in the exocrine pancreas results in coordinate and anticoordinate regulation of protein synthesis by unknown
REGULAR  ARTICLES 
Hormonal Stimulation  in the Exocrine 
Pancreas Results in Coordinate and Anticoordinate 
Regulation of Protein Synthesis 
JURGEN  SCHICK,  HORST  KERN, and  GEORGE  SCHEELE* 
Department of Cell Biology,  Philipps University, D3550 Marburg,  Federal Republic of Germany; and 
* Laboratory of Cell and Molecular Biology,  The Rockefeller  University, New York 10021 
ABSTRACT  24-h intravenous caerulein infusion studies in the rat were combined with in vitro 
amino acid incorporation studies followed  by high-resolution separation of proteins by two- 
dimensional  isoelectric focusing and  SDS gel  electrophoresis  to  study the extent to which 
persistent  changes  in  the  biosynthesis  of  exocrine  pancreatic  proteins  are  regulated  by 
cholecystokinin-like peptides. Beginning in the third hour of optimal hormone infusion at 0.25 
/~g kg  -1  h  -1, changes were observed  in the synthetic rates of 12 proteins, which  progressed 
over the course of the 24-h study. Based on coordinate response  patterns,  exocrine proteins 
could  be classified  into four distinct groups.  Group  I (trypsinogen  forms  1 and  2) showed 
progressive  increases  in  synthetic rates reaching a combined  4.3-fold  increase  over control 
levels. Group II (amylase forms  1 and 2) showed progressive  decreases in synthesis to levels 
7.1- and  14.3-fold  lower than control  levels,  respectively.  Group  III  proteins (ribonuclease, 
chymotrypsinogen  forms  1 and  2,  procarboxypeptidase  forms A  and  B, and  proelastase  1) 
showed moderate increases in synthesis,  1.4-2.8-fold, and group IV proteins (trypsinogen 3, 
lipase,  proelastase  2, and unidentified proteins 1-4) did not show changes  in synthesis with 
hormone stimulation.  Regulation  of protein  synthesis  in  response  to caerulein infusion was 
specific for individual isoenzymic forms in the case of both trypsinogen and proelastase. The 
ratio of biosynthetic rates of trypsinogen forms 1 +  2 to amylase forms 1 +  2 increased  from 
a  control  value  of  0.56  to  24.4  after  24  h  of  hormonal  stimulation  (43.5-fold  increase). 
Biosynthetic rates for an unidentified protein (P23) with an Mr =  23,000 and isoelectric point 
of 6.2 increased  14.2-fold, and the ratio of synthesis of P23 to amylase 2 increased  200-fold 
during caerulein  infusion.  During  hormone  stimulation  the anticoordinate  response  in  the 
synthesis  of  pancreatic  glycosidases  (decreased  synthesis)  and  serine  protease  zymogens 
(increased  synthesis) explain previous observations that showed little change in rates of total 
protein synthesis  under similar  conditions. 
Previous studies have shown dramatic effects of cholecysto- 
kinin-like peptides on protein secretion (1-3),  amino  acid 
uptake (4,  5), glucose uptake (6),  and growth and cell pro- 
liferation (7-9) in the exocrine pancreas. In marked contrast, 
little change in exocrine pancreatic function at the level of 
protein synthesis has been observed under similar conditions. 
Earlier studies  showed  conflicting results  with  modest  in- 
creases in total protein synthesis in vivo after bolus injections 
of cholecystokinin (10-13)  and  modest  decreases in  total 
synthesis during  cholecystokinin stimulation  in  vitro (14). 
Since the exocrine pancreas synthesizes and secretes approx- 
imately 20 exportable proteins (15),  anticoordinate changes 
in  individual  biosynthetic rates  could  explain  the  modest 
changes observed at the level of total protein synthesis.  In 
preliminary studies which analyzed biosynthetic rates of rat 
exocrine pancreatic proteins separated in one dimension by 
isoelectric focusing (IEF), I  rates  for chymotrypsinogen in- 
creased and amylase decreased following bolus hormone in- 
jection (16). 
Abbreviations used in  this paper:  IEF, isoelectric focusing; IEP, 
isoelectric  point. 
THE JOURNAL OF  CELL BIOLOGY • VOLUME 99  NOVEMBER 1984  1569-1574 
© The Rockefeller University Press  • 0021-952518411111569•06  $1.00  1569 In vivo studies allow for the continuous intravenous infu- 
sion of hormone in the intact organism. Previous dose-re- 
sponse studies in the rat indicate that infusion of caerulein, a 
cholecystokinin-like  hormone, at 0.25 t~g, kg  -~ h  -1 for periods 
up to 24 h resulted in optimal pancreatic ductal secretion of 
(pro)enzymes without morphological evidence of acinar cell 
injury (17). To look for both coordinate and anticoordinate 
changes in protein synthesis in the exocrine pancreas during 
in vivo caerulein stimulation, we studied persistent changes 
in protein synthesis by following the incoporation of amino 
acids into proteins contained in pancreatic lobules incubated 
in vitro.  Subsequent separation of proteins by two-dimen- 
sional IEF/SDS gel electrophoresis  allowed us to follow the 
response observed in the protein synthetic rates of 20 discrete 
pancreatic gene products (18). We have previously shown that 
changes in protein synthesis measured in this manner reflect, 
in part, changes in levels of functional mRNA (19). 
MATERIALS AND  METHODS 
In Vivo Hormone Infusion:  Male Wistar rats weighing ~200-250 
g obtained from Hoechst, AG (Frankfurt, Federal Republic of Germany) were 
prepared for infusion studies by surgical cannulation either of the jugular vein 
or the tail vein as previously described (20,  21).  Cannulated rats were main- 
rained unanesthetized in cages with unrestricted movement and free access to 
food and water.  Infusion studies were begun at 9:00 a.m. when alimentary and 
metabolic  functions in  the  rat  exist at  minimal levels.  Rats  were  infused 
intravenously with caerulein at 0.25 gg kg  -~ h  -t for various periods over 24 h. 
Measurement  of Protein Synthesis:  Animals were killed  by ex- 
sanguination  during light ether anesthesia. The pancreas was surgically removed 
and lobules were  prepared as described by Scheele  and Palade (22).  Lobules 
were incubated at 37"C for 120 rain in a Krebs-Ringer HEPES solution, pH 
7.4, containing a mixture of 15 ~4C-amino acids (algal hydrolyzate, Amersham 
CFB25, 0.25 Ci/ml, Amersham  Corp., Arlington Heights, IL) and physiological 
concentations of all amino acids (23). Under these conditions protein synthesis 
was linear over the  2-h period  tested, levels  of trichloroacefic  acid-soluble 
radioactivity achieved steady state by 30 min, and discharge of labeled proteins 
from lobules occurred at insignificant levels (3% at 120 min). Protein synthesis 
was terminated by homogenization of lobules (-90 mg wet wt) in 2.5 ml lysis 
buffer (25  mM Tris HCI,  pH  8.9,  0.01%  Triton X-100, 20 ~tg/ml soybean 
trypsin inhibitor,  100 KIU/ml Trasylol,  and  1 mM diisopropyl fluorophos- 
phate).  Insoluble  membranous material  was  sedimented in  an  Eppendorf 
microfuge and samples were stored at -70°C before separation by two-dimen- 
sional gel electrophoresis. 
Total  protein  synthesis was measured by quantitation  of trichloroacetic 
acid-insoluble radioactivity and expressed per microgram of DNA as deter- 
mined by the method of Richards (24). Rates of  synthesis  ofindividoal exocrine 
proteins were measured by following the incorporation of radiolabeled amino 
acids into proteins separated by two-dimensional gel electrophoresis as follows. 
Nonreduccd proteins were separated in two dimensions  as described by Scheele 
(25) using IEF in the presence of 0.1 mM diisopropyl fluorophosphate, 0.33% 
pH 3.5-10, 0.33% pH 5-8, 0.5% pH 4-6, and 0.4% pH 9-11 Ampholine (LKB 
Instruments, Inc.,  Gaithersburg,  MD)  in  the  first  dimension and  SDS  gel 
electrophoresis in a  10-20% acrylamide gradient containing 0.2% SDS in the 
second dimension. Coomassie Blue spots were removed from two-dimensional 
gels by scalpel, acrylamide pieces were homogenized in 2 ml of distilled  water, 
and  radioactivity  contained  in  homogenized acrylamide was  suspended in 
Packard Instagel (Packard Instrument  Co., Inc., Downes  Grove, IL) in a volume 
ratio of 1:5, respectively.  Radioactivity contained in the resulting gel phase was 
counted in a fiquid scintillation counter (Beckman Instruments,  Inc., Palo Alto, 
CA). Using labeled secreted products, we recovered 90-91% of the radioactive 
proteins in the two-dimensional gel spots. 
Fractional  rates  of protein  synthesis were  determined by  following  the 
incorporation of radioactive amino acids into individual proteins separated by 
the two-dimensional gel procedure and relating individual values to the total 
incorporation value obtained for the complete set of  two-dimensional  gel spots. 
In association with measurements of total protein synthesis per unit DNA, 
fractional rats can lx expressed as absolute synthetic rates. 
RESULTS 
Fig.  l  shows the Coomassie Blue staining pattern of Wistar 
rat exocrine pancreatic proteins separated by two-dimensional 
IEF/SDS  gel  electrophoresis.  Biological  activities  of these 
proteins were determined by measurement of enzymic and 
proenzymic activities of proteins separated in the first dimen- 
sion IEF gel after elution from gel slices and by co-migration 
with commercially available pancreatic proteins separated in 
the second dimension SDS gel as previously described  (25). 
Multiple forms of individual enzymes were found including 
three forms of trypsinogen, two forms each for chymotryp- 
sinogen, proelastase,  and amylase, and single forms for lipase 
FIGURE  1  Separation  of Wistar  rat  exocrine pan- 
creatic  proteins  by  two-dimensional  IEF/SDS gel 
electrophoresis.  Soluble proteins  extracted with al- 
kaline buffer from a purified zymogen granule frac- 
tion were separated in the first dimension by IEF and 
in the second dimension by SDS gel electrophoresis 
using a  10-20% acrylamide gradient as described 
by  Scheele  (25). Protein  spots  were  stained  with 
Coomassie Blue and are identified in the figure by 
abbreviations described in Table I. Numbers on the 
abscissa indicate isoelectric values. Numbers on the 
ordinate indicate apparent molecular weight values 
x  10  -3. 
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and B (at least four) showed similar isoelectric points (IEPs) 
and Mr values and could not be completely separated by the 
two-dimensional gel procedure. They were accordingly ana- 
lyzed as a  group.  Four proteins, labeled  1-4,  could not be 
identified by enzymic or proenzymic activity. Abbreviations 
are given in Table I along with the isoelectric points, apparent 
molecular weights, and quantitative distribution as judged by 
the  percent  incorporation  of radioactivie amino acids  into 
individual proteins relative to the incorporation into all exo- 
crine proteins. 
Data  presented  in  Fig.  2  show  the  persistent  effects of 
optimal caerulein infusion over 24 h on the synthesis of the 
major groups of functional enzymes and zymogens in the rat 
pancreas.  Little change was  observed over the  first 2  h  of 
stimulation.  From  3  to  24  h  we  observed changes  in  the 
synthesis of each of these groups of proteins, as shown in Fig. 
2. 
To compare the  changes in  synthetic rates of individual 
isoenzymic forms within each of the groups shown in Fig. 2, 
we determined the pattern of response of individual enzymes 
and zymogens to caerulein stimulation (Fig. 3). The findings 
varied.  Whereas the fractional percentage response of chy- 
motrypsinogen forms l  and 2 appeared similar, the response 
of the three trypsinogen forms were dissimilar. Trypsinogen 
forms l and 2 both showed progressive increases in fractional 
percent synthesis with time. Synthesis of trypsinogen 3, the 
major cationic form of this proenzyme, did not show signifi- 
cant  changes.  Amylase forms  1 and  2  showed  similar  re- 
TABLE  I 
Wistar Rat Exocrine Pancreatic Proteins 
Label  (Pro)enzyme  IEP 
Distribution s 
Mr*  Mean  SD 
% 
A1  Amylase 1  8.6  55,000  10.6  1.5 
A2  Amylase 2  8.9  53,000  15.9  2.4 
L  Lipase  6.8  50,000  4.5  0.5 
T1  Trypsinogen 1  4.3  21,000  13.2  1.4 
T2  Trypsinogen 2  4.4  21,000  1.6  0.3 
T3  Trypsinogen 3  8.0  22,500  6.9  1.0 
C1  Chymotrypsinogen 1  4.8  25,000  11.9  1.5 
C2  Chymotrypsinogen 2  9.0  25,000  4.4  0.7 
PE1  Proelastase 1  4.9  26,000  2.5  0.4 
PE2  Proelastase 2  9.2  28,500  3.6  0.6 
PCA  Procarboxypeptidase A  4.4  49,000  5.8  0.4 
PCB1  Procarboxypeptidase B1  4.3  47,000  5.2  0.4 
PCB2  Procarboxypeptidase B2  4.5  47,000  3.7  0.3 
PCB3  Procarboxypeptidase B3  4.6  47,000  1.7  0.3 
R  Ribonuclease  9.2  14,000  0.6  0.2 
1  Unidentified  4.7  77,500  2.4  0.6 
2  Unidentified  5.4  56,000  1.6  0.5 
3  Unidentified  5.4  54,000  0.9  0.2 
4  Unidentified  5.0  13,000  1.8  0.7 
Isoenzyme forms are labeled numerically with increasing isoelectric points 
in agreement with the IUPAC-IUB Commission on Biochemical Nomencla- 
ture for the identification of multiple forms of enzymes separated by gel 
electrophoresis. 
* Apparent molecular weight of nonreduced proteins. 
) Distribution of proteins as quantified after incorporation of a mixture of 15 
14C-amino acids  into pancreatic  Iobules  incubated in vitro for 2  h  and 
separation of proteins by two-dimensional IEF/SDS  gel electrophoresis. Data 
are expressed as percent relative to radioactivity contained in all exocrine 
protein spots. Mean and standard deviation values were derived from 20 
animals fed a diet containing 22% protein, 63% carbohydrate, and 3% fat. 
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FIGURE  2  Fractional synthetic rates of exocrine pancreatic proteins 
as a function of time during caerulein stimulation. Rats were infused 
intravenously with  caerulein  for  various  periods  of  time,  as  de- 
scribed  in  Materials and  Methods.  Animals  were  killed  and  pan- 
creatic  Iobules were  prepared and  incubated  in the  presence of 
radioactive amino acids for 120 min in vitro as described in Materials 
and Methods. Radioactive proteins contained in cell homogenates 
were  separated  by two-dimensional  IEF/SDS  gel  electrophoresis, 
and  radioactivity was  quantified  in  individual  protein  spots  and 
expressed as a fractional percent of radioactivity incorporated into 
all exocrine proteins. Data are given for groups of isoenzyme forms 
representing individual functional enzymes and zymogens. At each 
time point, the data represent average values from four animals. 
sponses to  caerulein  stimulation,  a  progressive decrease in 
fractional percentage synthesis from 3 to 24 h. 
Total protein synthesis remained unchanged for the first 2- 
3 h of caerulein stimulation. At later time points a progressive 
but modest increase in protein synthesis was observed. Aver- 
age incorporation rates representing four experiments each at 
0.25,  0.5,  1, 2,  3, 6,  12,  and 24 h  were 525,  610,  560,  560, 
650, 715, 750, and 930 dpm/ug DNA, respectively. At 24 h 
rates of protein synthesis were increased 60% compared with 
those from control animals. 
Table II presents data that correct the fractional percentage 
synthesis values for the progressive increase in total protein 
synthesis  observed  at  the  later  time  points.  These  figures 
represent  absolute  values  expressed  in  disintegrations  per 
minute per microgram of DNA. 
Fig. 4 shows the appearance of a protein with Mr =  23,000 
and  IEP  --  6.2  during  caerulein  infusion  which  was  not 
observed among Coomassie Blue-stained  exocrine proteins 
derived from the pancreas of control animals (cf. Fig.  1). 
DISCUSSION 
Caerulein,  a  synthetic decapeptide originally obtained from 
the skin of the frog Hyla caerulea (27), was chosen for these 
studies since it shares an identical C-terminal pentapeptide 
amide with cholecystokinin-pancreozymin, the major pepti- 
dergic stimulant for protein secretion in the exocrine pancreas. 
No attempt was made to mimic serum levels of cholecysto- 
kinin-pancreozymin during normal alimentation. Instead, in- 
fusions were conducted  with optimal doses of caerulein  in 
order to observe the limits of biochemical response to hor- 
monal stimulation.  Caerulein infusions at 0.25  t~g kg-' h -l 
result  in  maximal  secretory  responses  without  pathologic 
effects in the morphological appearance of the gland or in the 
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isozymogen forms of exocrine proteins as a function of 
time during caerulein  stimulation.  Methods of  proce- 
dure are summarized  in  the  legend to  Fig.  2.  Protein 
synthetic  rates  for  individual  forms  are  presented  as 
fractional percents of radioactivity incorporated during 
a  120-rain  in  vitro  incubation  into  individual proteins 
relative to  radioactivity incorporated  into all exocrine 
proteins.  Shaded  areas  indicate  the  normal  range  of 
values for  individual proteins (or amylase I  +  2  com- 
bined) +I  SD.  The identities of individual proteins are 
indicated. The data given at each time point represent 
average values from four animals. 
TABLE  II 
Absolute Changes in Rates of Protein Synthesis during Caerulein Stimulation 
Group*  Identity* 
Time of caerulein infusion, h 
Fold change with 
0  3  6  12  24  time  s 
P23 
dpml#g DNA 
2.3  10.5  20.2  24.3  32.7  14.2 
T 1  76.9  107.3  139.9  193.1  282.2  4.3 
I 
T2  9.3  18.3  22.4  60.7  89.1  -- 
A1  61.8  46.5  18.4  13.3  8.6  0.14 
II  A2  92.7  44.9  21.0  14,2  6.6  0.07 
III 
R  3.5  5.7  7.5  13,0  11.5  3.3 
C1  69.4  118.6  134.2  121.4  166.3  2.4 
C2  25.6  50.1  61.7  61.3  72.9  2.8 
PE1  14.6  31.3  27.8  46.9  27.7  1.9 
PCA +  B  95.6  136.5  155.2  119.4  138.0  1.4 
PE2  21.0  30.8  33.8  16.2  23.1  1.1 
T3  40.2  28.3  35.3  45.9  35.3  0.88 
L  26.2  23.5  23.9  14.0  22.2  0.85 
1  14.0  20.4  18.3  9.5  17.9  1.3 
2  9.3  15.3  19.4  8.7  9.3  1.0 
3  5.2  12.5  8.7  3.7  4.3  0.83 
4  10.5  4.3  8.1  8.6  10.1  0.97 
IV 
T1  +  2/A1  +  2  a  0.56  1.4  4.1  9.3  24.4  43.5 
P23/A2 i  0.0248  0.23  0.96  1.71  4.95  199.5 
* Groups of proteins that show coordinated changes in synthesis rates in response  to caerulein infusion. 
Abbreviations described in Table I. 
i 24-h value divided by 0 h value. 
I Ratios  of protein synthetic rates. 
1 572.  THE JOURNAL OF CELL BIOLOGY • VOLUME 99, 1984 FIGURE  4  Hormone induction of  P23.  a  shows the  presence of 
P23  among  serine  protease  zymogens obtained  in  a  zymogen 
granule fraction  isolated from  rats  infused  with 0.25  /~g kg  -I  h  -I 
caerulein for 24 h. P23, indicated by the arrow, shows an IEP of 6.2 
and an Mr of 22,500. b  shows the increase in biosynthetic rate of 
P23 relative to the entire mixture of exocrine proteins as a function 
of time during caerulein (0.25 #g kg  -1 h  -~) stimulation. 
extracellular compartmentation of pancreatic proteins (17, 
27). Two-dimensional IEF/SDS gel electrophoresis was used 
to follow individual rates of synthesis for all the major pan- 
creatic exocrine proteins.  15 of the 20 proteins analyzed by 
this procedure were identified according to their biological 
activity. Pulse-chase studies suggest that each of the proteins 
shown in Fig.  1 are coded by separate cytoplasmic mRNA 
species since  the  appearance  of none  of the  spots  can  be 
attributed to polyprotein structures or posttranslational mod- 
ifications (data not shown). 
Several new  findings emerged from this  study.  In  sharp 
contrast with earlier findings, dramatic changes were observed 
in the synthesis of exocrine proteins during hormone stimu- 
lation. Large changes in the protein synthetic rates were ob- 
served for forms of amylase and serine protease zymogens 
during caerulein infusion and such changes showed a similar 
period of latency, 2 h. From the response patterns at the level 
of absolute changes in rates of protein synthesis (cf. Table II), 
four patterns of response can  be defined for the forms of 
exocrine proteins that are observed in the two-dimensional 
gel  presented in  Fig.  I.  Trypsinogens 1 and 2,  two closely 
related acidic forms, each showed progressive and significant 
increases with hormone stimulation. Together they showed a 
4.3-fold increase with 24 h  of caerulein infusion and their 
response  patterns  appeared  to  be  coordinate  in  time  and 
direction. Synthesis rates of amylase forms l and 2 decreased 
progressively and dramatically with hormonal stimulation to 
levels  0.14  and  0.07,  respectively, of control  values.  The 
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response pattern of each of these separate amylase forms also 
appeared to be coordinate, but in a direction opposite to that 
of the response of trypsinogen forms 1 and 2. The response 
patterns of proteins in group III (ribonuclease, chymotryp- 
sinogen forms  1 and  2,  proelastase  1,  procarboxypeptidase 
forms A  and  B)  showed  moderate  increases,  1.4-3.3-fold, 
during caerulein infusion.  Proteins contained in  group  IV 
(trypsinogen 3, proelastase 2, lipase, and the four unidentified 
proteins labeled  1-4 in Fig.  1) showed insignificant changes 
in protein synthetic rates during caernlein infusion. 
A  further finding was  the appearance of a  protein (P23) 
during hormonal stimulation that was previously unobserved 
among the rat exocrine pancreatic proteins. This protein, with 
an Mr =  23,000 and IEP =  6.2 was easily detected by Coo- 
massie Blue stain after hormonal stimulation. Within the 24- 
h  period of caerulein infusion the biosynthetic rate of P23 
increased from control levels of 2.3 to 32.7 dpm/~g cellular 
DNA.  The  14.2-fold  increase in  its  synthesis rate  and  the 
appearance  of P23  in  Coomassie  Blue-stained gels  during 
caerulein infusion indicate that the synthesis of P23 is dra- 
matically increased in the exocrine pancreas during hormonal 
stimulation. A protein with similar Mr and IEP was recently 
observed in an extract of  secretory  granules from a transplant- 
able rat pancreatic acinar cell carcinoma but not in extracts 
obtained from normal rat pancreas (28).  P23  has not been 
identified according to biological activity. It could represent 
an additional pancreatic hydrolase or, alternatively, a growth 
factor specific for pancreatic  or  small  intestinal  epithelial 
tissue. P23 and amylase 2 show the greatest changes in syn- 
thetic rates  during hormonal  stimulation.  Since these  two 
proteins show anticoordinate regulation, the ratio of synthesis 
of P23  to  amylase  2  increased  200-fold  during  caernlein 
stimulation. 
The observations reported here indicate dramatic changes 
in the synthesis of  pancreatic glycosidases, certain of  the serine 
protease zymogens, ribonuclease, and an unidentified protein 
with an Mr =  23,000. In some instances coordinate changes 
were  observed among  isoenzymic forms,  e.g.,  trypsinogen 
forms 1 and 2, chymotrypsinogen forms 1 and 2, and amylase 
forms 1 and 2. In other instances hormone-induced changes 
appeared to be isoenzyme specific,  e.g., the synthesis rate of 
trypsinogen forms 1 and 2 increased 4.3-fold in response to 
caerulein infusion while the synthesis rate of trypsinogen 3 
under the same conditions showed no change. Also synthesis 
of proelastase  1 but not proelastase 2 showed a response to 
hormone stimulation. Finally, the anticoordinate changes in 
protein synthesis observed during caerulein stimulation lead- 
ing to a decrease in the synthesis of amylase forms I and 2 
and an increase in the synthesis of trypsinogen forms 1 and 
2, chymotrypsinogen forms 1 and 2, proelastase 1, and ribo- 
nuclease  explain  the  inability  of previous investigators  to 
demonstrate  significant  changes  in  levels  of total  protein 
synthesis in response to hormone stimulation. 
The observed changes in rates of protein synthesis reflect 
persistent effects of caerulein stimulation. The in vitro assay 
needed to  study the incorporation of amino acids into  20 
discrete protein  products  in  the  presence  of physiological 
concentrations of amino acids required surgical  removal of 
the pancreas, preparation of lobules, and a 2-h incubation for 
incorporation of radioactive amino acids.  Short-lived effects 
of  the hormone, such as those that mediate stimulus-secretion 
coupling, were not measured since the in  vitro conditions 
used for protein synthesis contained no hormone. Under these 
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protein synthesis in the rat pancreas are believed to represent, 
in part, changes in levels of mRNA. Using a similar protocol 
for the study of changes in protein synthesis in response to 
alterations in nutritional substrates in the diet, we have di- 
rectly demonstrated that  persistent changes in biosynthetic 
rates are mediated by changes in mRNA levels (19).  While 
further experiments are needed to measure directly the effect 
of hormone stimulation on transcription of individual genes 
representing exocrine proteins, the coordinated time course 
in  the  response  of synthetic  rates  of exocrine  proteins  to 
caerulein stimulation, the appearance of coordinate patterns 
of response (individual proteins within groups I, II, and III), 
and the appearance of anticoordinate responses (compare the 
progressive increase in trypsinogen forms  1 and 2  with the 
progressive decrease in amylase forms  1 and 2) suggest that 
specific mechanisms may exist for hormonal modulation of 
gene expression in the exocrine pancreas. 
This work was supported by research grants KE 113/13-1  from the 
Deutsche Forschungsgemeinschaft and AMDD 18532 from the Na- 
tional Institutes of Health, United States Public Health Service. 
Received for publication  22 February 1984, and in revised form 23 
May 1984. 
REFERENCES 
1.  Schcele,  G., and A. Haymovits. 1979. Cholinergic and peptide-stimulated discharge of 
secretory protein in guinea pig pancreatic lobules.  Role of intracellular and extracellular 
calcium. J. Biol.  Chem. 254:10346-10353. 
2.  Williams, J. A.  1982.  Cholecystokinin: a  hormone  and a  neurotransmitter.  Biomed. 
Res. 3:107-121. 
3.  Gardner, J. D., and R. T. Jensan.  1981. Regulation of pancreatic enzyme secretion in 
vitro. In Physiology  of the Gastrointestinal Tract. L. R. Johnson, editor. Raven Press, 
New York. 831-871. 
4.  Robberecht,  P.,  M.  Descliodt-Lanckman,  J. Canns,  R.  Kutzner,  and F.  Christophe. 
1973.  Amino acid levels  in rat pancreas after pilocarpine  or pancreozymin.  Am.  J. 
Physiol.  224:1309-1313. 
5.  Adler, G., W. Bieger, and H. F. Kern.  1978. Amino acid transport in the rat exocrine 
pancreas. IlL Effect of maximal and supramaximal hormonal stimulation in vivo. Cell 
Tissue Res.  194:447-462. 
6.  Williams, J. A., A. C. Bailey,  M. Preissler,  and 1. D. Goldfine.  1982. Insulin regulation 
of sugar transport in isolated  pancreatic acini from diabetic mice. Diabetes.  31:674-682. 
7.  Dembinski, A.  B.,  and  L.  R.  Johnson.  1980.  Stimulation  of pancreatic  growth  by 
secrotin,  caerulein, and pentagastrin. Endocrinology.  106:323-328. 
8.  Solomon, T. E.  1981. Regulation of exocrine pancreatic cell proliferation and enzyme 
synthesis.  In Physiology of the Gastrointestinal  Tract.  L.  R. Johnson,  editor.  Raven 
Press, New York. 873-892. 
9.  Solomon, T. E., M. Vanier, and J. Morisset.  1983. Interaction ofeaerolein and secredn 
during protein synthesis in the rat exocrine pancreas. Am. J. Physiol.  245:G99-105. 
10.  Kramer, M. F., and C. Poort.  1968. Secretagogue  stimulation and protein synthesis in 
the rat pancreas. Z. Zellforsch.  86:475-486. 
I 1.  Meldolesi,  J.  1970. Effect of caerolein on protein synthesis and secretion in the guinea 
pig pancreas. Br. J. Pharmacol.  40:721-731. 
12.  Reggio, H., H. Cailla-Deckmyn, and G. Marchis-Mouren.  1971. Effect of pancreozymin 
on rat pancreatic enzyme biosynthesis.  J. Cell Biol.  50:333-343. 
13.  Singh, M., and P. O. Webster.  1975. Effect of hormones on pancreatic macromolecular 
transport. Gastroenterology.  68:1536-1542. 
14.  Jamieson, J. D., and G. E. Palade. 197 I. Synthesis,  intracellular  transport, and discharge 
of secretory  proteins in stimulated pancreatic exocrine cells. J. Cell Biol.  50:135-158. 
15.  Schcele, G. A. 1975. Secretory proteins of the exocrine pancreas. In Cell Biology.  P. L. 
Altman and D. D. Katz, editors.  Federation  of American Societies  for Experimental 
Biology, Bethesda,  MD. 334-336. 
16.  Dagorn, J. C, and R. Mongeau. 1977. Different action of hormonal stimulation on the 
biosynthesis of threc pancreatic enzymes. Biochim.  Biophys.  dcta. 498:76-82. 
17.  Bieger, W., A. Martin-Achard, M. Bassler, and H. Kern. 1976. Studies on intracellular 
transport of secretory  proteins in the rat exoerine pancreas. IV. stimulation by in vivo 
infusion of caerulein.  Cell Tissue Res.  165:435--453. 
18.  Scheele,  G. A. 1981. Analysis of the secretory process in the exocrine pancreas by two 
dimensional isoelectric  focusing/SDS gel electrophoresis.  Methods Cell BioL  23:345- 
358. 
19.  Wicker, C., A. Puigserver, and G. Schecle.  1984.  Dietary regulation of levels of active 
mRNA coding for amylase and serine protease zymogens in the rat pancreas. Eur.  J. 
Biochem.  139:381-387. 
20.  Bieger, W., J. Seybold,  and H. Kern. 1976. Studies on intracellular transport of secretory 
proteins  in  the  rat  exocrine  pancreas.  V.  Kinetic  studies  on  accelerated  transport 
following caerulein infusion in vivo. Cell Tissue Res.  170:203-219. 
21.  Pappritz,  G.,  and  K.  Brauer.  1977.  A  procedure  for  rapid  cannulation  of the  rat 
pancreatic and bile ducts.  Drug Res. 27:864-865. 
22.  Scheele,  G., and G. Palade.  1975.  Studies on the pancreas of the guinea pig. Parallel 
discharge of exocrine enzyme activities.  Z  Biol.  Chem. 250:2660-2670. 
23.  Eagle,  H.  1959. Amino acid metabolism in mammalian cell cultures.  Science  (Wash. 
DC).  130:432-438. 
24.  Richards, G. M.  1974.  Modifications of the diphenylamine reaction  giving increased 
sensitivity and simplicity in the estimation of DNA. Anal. Biochem.  57:369-376. 
25.  Schecle,  G. 1975. Two dimensional gel analysis of soluble proteins; characterization of 
guinea pig exocrine pancreatic proteins. J. Biol.  Chem. 250:5375-5385. 
26.  Erspamer, V., and P. Melchiorri.  1973. Caerulein, a potent peptide isolated from hyla 
caerulea.  Pure Appl.  Chem. 35:463-494. 
27.  Adler, G., G. Rohr, and H. Kern.  1982. Alteration of membrane fusion as a cause of 
acute pancreatitis in the rat. Dig. Dis.  Sci.  27:993-1002. 
28.  Hansen, L. J., M. Kumadavalli, and J. K. Reddy. 1983. Comparison of secretory  protein 
and membrane composition of secretory  granules isolated  from normal and neoplastic 
pancreatic acinar cells of rats. Proc. Natl. Acad.  Sci.  USA 80:4379-4383. 
1574  THE  JOURNAL OF  CELL BIOLOGY • VOLUME 99, 1984 